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This work details the laboratory analysis of a suite of 10 samples collected from an inverted 36 
fluvial channel near Hanksville, Utah, USA as a part of the CanMars Mars Sample Return 37 
Analogue Deployment (MSRAD). The samples were acquired along the rover traverse for 38 
detailed off-site analysis to evaluate the TOC and strobiological significance of the samples 39 
selected based on site observations, and to address on  of the science goals of the CanMars 40 
mission: to evaluate the ability of different analytical techniques being employed by the 41 
Mars2020 mission to detect and characterize any present biosignatures. Analytical techniques 42 
analogous to those on the ExoMars, MSL and the MER rovers were also applied to the samples. 43 
The total organic carbon content of the samples was <0.02 % for all but 4 samples, and organic 44 
biosignatures were detected in multiple samples by UV-Vis-NIR reflectance spectroscopy and 45 
Raman spectroscopy (532 nm, time-resolved, and UV),which was the most effective of the 46 
techniques. The total carbon content of the samples is < 0.3 wt% for all but one calcite rich 47 
sample, and organic C was not detectable by FTIR. Carotene and chlorophyll were detected in 48 
two samples which also contained gypsum and mineral ph ses of astrobiological importance for 49 
paleoenvironment/habitability and biomarker preservation (clays, gypsum, calcite) were detected 50 
and characterized by multiple techniques, of which passive reflectance was most effective. The 51 
sample selected in the field (S2) as having the highest potential for TOC did not have the highest 52 
TOC values, however, when considering the sample min ralogy in conjunction with the 53 
detection of organic carbon, it is the most astrobiologically relevant. These results highlight 54 
importance of applying multiple techniques for sample characterization and provide insights into 55 
their strengths and limitations.  56 
 57 
Highlights 58 
• Detection and characterization of organic carbon and biomolecules by multiple rover-59 
equivalent instruments 60 
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 68 
1. Introduction  69 
 70 
One of the main scientific drivers of the exploration of Mars is the search for signs of life, past 71 
and present, on or near the surface. To enable more effective utilization and operation of future 72 
Mars rovers, an international team of researchers, scientists, and engineers undertook a field 73 
campaign at a Mars analogue site near Hanksville, Utah, USA in October 2016. The site is 74 
dominated by inverted fluvial channels and the mission was termed the CanMars Mars Sample 75 
Return Analogue Deployment (MSRAD). The operational aspects of this program are described 76 
in companion papers in this special issue and were bas d on the Phoenix and MER (Mars 77 
Exploration Rover) missions using the Mars Explorati n Science Rover (MESR) and a suite of 78 
handheld and integrated instruments to mimic the Mars2020 rover payload (Caudill et al., 79 
2019a,b; Osinski et al., 2019; Pilles et al., 2019). Two of the main objectives  of this deployment 80 
was to assess the astrobiological significance of the ield site in terms of organic carbon and 81 
evidence of water, as well as the ability of different analytical techniques to be employed by the  82 
Mars2020 rover to characterize targets of interest at the deployment site, more specifically how 83 
well such instruments can characterize geological samples and detect and characterize any 84 
biosignatures (Caudill et al., 2019; Osinski et al., 2019).  85 
 86 
This study describes the characterization of a suite of 10 samples (termed the Hanksville 10) 87 
which were acquired along the rover traverse (Figure 1) for detailed off-site analysis. The 88 
rational for site selection, rover traverse, and rove  sampling are described in detail in this issue 89 
(Pilles et al., 2019; Caudill et al., 2019a,b), however, a major focus of this mission was to select 90 
samples with high organic carbon contents as a first order proxy for the presence of preserved 91 













Rover and ESA’s ExoMars Rover (Mars 2020 SDT, 2013; Farley and Willeford, 2017; Vago et 93 
al., 2017). In this context, organic carbon refers to carbon which is bound to H and C in an 94 
organic compound.  95 
 96 
 In this study, the Hanksville 10 sample suite underwent analysis by laboratory based 97 
geochemical, mineralogical and spectral techniques comparable to those on past, present, and 98 
future rovers including the Mars2020 mission (Table 1). The overarching goal of these analyses 99 
was to assess the organic content of the samples selected by the rover-based operations team and 100 
provide insights into ability of these analytical methods for detecting and characterizing the 101 
presence of organic carbon, and for characterizing potentially habitable environments.  102 
 103 
1.1 Site Description 104 
The field site is located ~8km to the northwest of Hanksville, Utah in a desert climate on the 105 
Colorado Plateau. The site consists of inverted fluvia  sediments which represent an 106 
anastomosing paleochannel existing as inverted featur s due to subsequent erosion of the 107 
surrounding sediments (Figure 1; Miall and Turner-Pterson, 1989; Williams et al, 2009). The 108 
stratigraphy is dominated by near flat lying sandstone and shales and exhumed from the Jurassic 109 
age Brushy Basin Member of the Morrison Formation (Schweikert et al., 1984; Hintze and 110 
Kowallis, 2009). The landscape is eroded resulting in the formation of mesas and scarp-bounded 111 
surfaces where the clay rich layers are preferentially eroded with respect to the sandstones 112 
(Clarke and Pain, 2004; Clarke and Stoker, 2011). The geology and characteristics of the 113 
immediate site area are described in detail in Beatty et al., 2019 (this issue). The region sampled 114 
corresponds to the SCYLD region of the rover traverse, a region containing the topographical 115 
feature referred to as Ragnarok (Osinski et al., 2019), a large eroded mound of nearly flat lying 116 
units of variable colored sediments (Figure 1). 117 
 118 
1.2 Mars Relevance 119 
The characterization of regions in which water flowed on Mars has been a historical driver for 120 
exploration. More recently these locations have also been of great interest due to the potential 121 
opportunity for biosignature preservation, detection, and characterization (e.g., Clarke and 122 













Noachian through Early Hesperian (e.g., Pain et al., 2007; Newsom et al., 2010; Balme et al., 124 
2015) and have been proposed to be present in Gale crater (Orgel et al., 2013), and several of the  125 
proposed Mars 2020 and ExoMars landing sites (Balme et al., 2015). Given their geologic 126 
history of water, fluvial channels are excellent targets for the detection of a diverse range of 127 
geological and bio indicator materials and have also been considered as landing sites for past 128 
missions including MSL (Marzo et al., 2009; Rice and Bell, 2010; Clarke and Stoker, 2011). The 129 
history of water in these regions is integral for past habitability, and also may play a role in the 130 
preservation of biomolecules in evaporite minerals (gypsum, calcite, halite) or as endolithic 131 
communities (e.g., Summons et al., 2011; Stromberg et al., 2014; Baque et al., 2016).  132 
 133 
In addition to the inverted fluvial channel component of the Hanksville site, the region locally 134 
consists of clastic and chemical precipitates including mudstones, conglomerates, clays, 135 
carbonates, and iron oxides (Battler et al., 2006; Hintz and Kowallis, 2009), all of which have 136 
been detected on the Martian surface (e.g., Ehlmann et al., 2008; Williams et al., 2013). This in 137 
conjunction with the arid and vegetation poor nature of the region makes the Hanksville site an 138 
appropriate site to assess the application of rover comparable techniques for characterizing 139 
habitability, and biomolecule preservation and detection in an inverted river channel 140 















Figure 1. Sample context. A. Satellite image of the field area overlain with the entire rover 144 
traverse. Inset zoomed in satellite image of the sampled area. B. Photo of the sampling area with 145 
the sample locations labelled (S1-10).  146 
 147 
 148 
Table 1. Analytical techniques applied to the Hanksville 10 sample suite and their lab based and 149 
rover equivalents.  150 
  Rover Instrument 
Technique Lab Instrument Mars 2020 ExoMars MSL MER 
LIBS J200 LIBS 
SuperCam 

































Fe2+/Fe3+ Wet Chemistry - - - Mössbauer 








2. Methods 154 
 155 
2.1 Sampling and Sample Descriptions 156 
Ten samples (S1-10) were collected from along the rov r traverse (Figure 1) using field photos 157 
as a guide to select regions as close as possible to th  rover sample locations (Caudill et al., 158 
2019a,b) (Table 2; Figure 2). The guiding principles for the rover samples sites are outlined in 159 
Caudill et al. (2019a) and Pilles et al. (2019) with the primary objective being to test the 160 













preservation using a rover-based operations team (Caudill et al., 2019a). The team used their 162 
geological interpretations of the region as well as “rover” data to select sample locations. 163 
Samples consist primarily of unconsolidated surficial material which was scooped into a sample 164 















Figure 2. Photos of the sample locations for samples S1 – S10. The samples were taken next to 168 
the rover traverse and are variable in color as well as texture, ranging from friable (e.g., S2) to a 169 
cemented sandstone boulder (S4).  170 
 171 
 172 
Table 2. Sample descriptions and the locations along the rov r traverse and/or rover sample they 173 





S1* Mud-cracked, friable, coarse-grained reddish-brown clay 
S2 Unconsolidated, medium-grained green clay 
S3 Unconsolidated, fine-grained white clay 
S4 Sandstone boulder 
S5 Fine-grained white clay 
S6* Mud-cracked, friable, red clay 
S7* Unconsolidated, coarse-grained red clay 
S8* Mud cracked, friable, greyish-green clay 
S9 Unconsolidated, fine-grained red clay 
S10 Mud-cracked, friable, yellowish clay 
*Dried at 70°C 176 
 177 
 178 
2.2 Sample Preparation 179 
Samples were pulverized and homogenized and subdivide  into aliquots to ensure representative 180 
data. Aliquots were dry sieved to a grain size of <1 mm (10 grams) with wet samples first dried 181 
at 70°C overnight. The <1 mm aliquots were further crushed in alumina mortar and pestles and 182 
dry-sieved to grain sizes of <150 µm and <45 µm. A summary of the sample aliquot and grain 183 
size used for each analysis can be found in the supplementary data and was technique dependent 184 
to allow for rover comparable datasets.  185 
 186 
2.3 Light Element Analysis 187 
Light element analysis (total C, N, and S) was undertak n at the University of Waterloo 188 
Environmental Isotope Lab by Continuous Flow Stable Isotope Ratio Mass Spectrometery 189 













samples to provide ground truth data. Nitrogen and carbon abundances were determined through 191 
combustion conversion (Elemental Microanalysis E3004 Separation Column NC/NCS 3m 192 
Stainless Steel) to N2 and CO2 gases through a Costech Instruments Elemental Analyzer coupled 193 
to a Deltaplus XL Continuous Flow Stable Isotope Ratio Mass Spectrometer (Thermo Finnegan).  194 
The %N and %C are bulk measurements based on sample weight against the following know 195 
standard reference materials (EURO SOIL-5, NIST-2704, NIST-2711). Sulfur measurements 196 
were determined through combustion conversion (Elemental Microanalysis E3002 Separation 197 
Column Sulphur 0.8m PTFE) to SO2 gas through a Costech Instruments Elemental Analyzer 198 
(CHNS-O ECS 4010) coupled to an Isochrom (GVI / Micromass) Continuous Flow Stable 199 
Isotope Ratio Mass Spectrometer. The %S element content (Total % column) is a bulk 200 
measurement based on the sample weight against known certified elemental standard materials 201 
(B2036 – suphanilamide) with values provided through the Commission on Isotopic Abundances 202 
and Atomic Weights (CIAAW). Every 4th to 6th sample was repeated with no less than 20% 203 
Std/Ref material. The detection limits were 0.005% for N, 0.008% for C and 0.4% for S, and 204 
error in the measurements wa ±0.01 for N, ±0.02 for C, and ±0.2 for S. 205 
 206 
The samples were acid-washed to remove inorganic carbon and re-analyzed for TOC using the 207 
method described above. The acid wash involved the addition of ~2-5% HCl to the sample 208 
followed by heating to <60ºC for 90 minutes. This is repeated until the pH level of the remains 209 
acidic. The sample is then left to settle, and the water is decanted (aspirated) off. The sample was 210 
rinsed with nan-pure water, allowed to settle, then the water was removed. This was repeated 3-5 211 
times and with the final rinse the sample was dried overnight in a freeze-drier.   The error on the 212 
TOC measurements was ±0.03 %. 213 
 214 
 2.4 X-Ray Diffraction (XRD) 215 
2.4.1 Lab based Powder XRD 216 
XRD data was acquired in continuous scan mode from 5 to 80º 2θ on a Bruker D8 Advance with 217 
a DaVinci automated powder diffractometer of <45 µm sample aliquots. It uses a Bragg-218 
Brentano goniometer with a theta-theta setup was equipped with a 2.5º incident Soller slit, 1.0 219 
mm divergence slit, a 2.0 mm scatter slit, a 0.6 mm receiving slit, a curved secondary graphite 220 













increment of 0.02º and integration time of 1 second per step. The line focus Co X-ray tube was 222 
operated at 40 kV and 40 mA, using a take-off angle of 6º. Diffraction patterns were interpreted 223 
using Bruker Diffracsuite EVA software and the Inter ational Center for Diffraction Data 224 
Powder Diffraction File (ICDD-PDF-2) database.  225 
 226 
2.4.2 Portable XRD  227 
X-ray diffraction data of samples crushed to <150 µm was collected using a portable InXitu 228 
Terra 299 X-ray instrument. This instrument has a 1024 x 256 pixel – 2D Peltier-cooled CCD 229 
(charge coupled device) detector providing continuous scans from 5 to 55° 2θ collecting at an 230 
increment of 0.05° for XRD. The Cu source X-ray tube was operated at 30kV offering 10 W of 231 
power. 232 
 233 
2.5 Reflectance Spectroscopy 234 
2.5.1 Ultraviolet-visible-near infrared reflectance spectra (UV-VIS-NIR, 350-2500 nm) 235 
Long wave ultraviolet, visible and near IR (350-2500 nm) reflectance spectra of the <1mm and 236 
<150µm sample aliquots was measured with an Analytical Spectral Devices (ASD) FieldSpec 237 
Pro HR (high resolution) spectrometer. This instrument has a spectral resolution between 2 and 7 238 
nm (internally resampled by the instrument to 1nm). Spectra were collected at a viewing 239 
geometry of i = 30º and e = 0º with incident light being provided by an in-house 150 W quartz-240 
tungsten-halogen collimated light source. Sample spectra were measured relative to a 241 
Spectralon® 100% diffuse reflectance standard and corrected for minor (less than ~2%) 242 
irregularities in its absolute reflectance. 200 spectra of the dark current, standard, and sample 243 
were acquired and averaged, to provide sufficient signal-to-noise for subsequent interpretation. 244 
Some spectra show occasional small reflectance offsts at 1000 and 1830 nm because the fiber 245 
optics that feed the three detectors in the ASD do not view the exact same spots on the sample. 246 
These offsets are corrected by scaling the short (350-1000 nm) and long wavelength (1830-2500 247 
nm) detectors to the end points of the central detector, which is temperature controlled. 248 
 249 
2.5.2 Diffuse Mid- Infrared reflectance spectra (2.5-5.2µm) 250 
Diffuse reflectance spectra were collected with a Bruker Vertex 70 Fourier Transform Infrared 251 













telluride (MCT) cryo-cooled detector and KBr broadbnd beamsplitter over the wavelength 253 
range of 2.0–20.0 µm. Reflectance spectra were acquired relative to a Labsphere Infragold®100% 254 
reflectance standard measured at i = 30° and e = 0° using a SpecAc Monolayer grazing angle 255 
specular reflectance accessory. A total of 1500 spectra were collected at a scanner velocity of 40 256 
kHz and were averaged to improve SNR (signal to noise ratio). All measurements were made 257 
using an identical viewing geometry, integration time, and number of averaged spectra.  258 
 259 
2.6 Bulk Rock Geochemistry 260 
Bulk rock geochemistry was determined by laboratory X-ray fluorescence (XRF) as a proxy for 261 
the PIXL instruments XRF capabilities. XRF analysis were undertaken at the X-Ray laboratory 262 
at Franklin and Marshall College where rock powder (0.4000 grams) was mixed with lithium 263 
tetraborate (3.6000 grams), and placed in a 95% platinum, 5% gold crucible and heated with a 264 
Meeker furnace until molten. The molten material was tr nsferred to a platinum casting dish and 265 
quenched. This produces a glass disk that was used for XRF analysis of major and selected 266 
minor elements. Elemental abundances were converted to quivalent oxides using the normal 267 
oxidation state of the various elements. Trace elemnts (Sr, Zr, V, Cr, Ni, and Co) are reported as 268 
parts per million. Working curves for each element were determined using rock geochemical 269 
standards (Abbey, 1983). The curve was made up of 30-50 data points with various elemental 270 
interferences considered. Results were calculated and presented as percent oxide, and standard 271 
deviations are all less than ±0.15 wt% with an averg  of ±0.3 wt%. Details of the methods can 272 
be found in Mertzman (2000). 273 
 274 
Ferrous iron was determined by titration using a modified Reichen and Fahey (1962) method. 275 
Ferric iron (Fe3+) wass determined as the difference between total Fe by XRF and ferrous iron. 276 
Loss on ignition was determined by heating an exact aliquot of the samples at 950°C in air for 277 
one hour and measuring resultant weight loss.  278 
 279 
 280 
2.7 Laser Induced Breakdown Spectroscopy (LIBS) 281 
LIBS measurements were collected using J200 Laser Induced Breakdown Spectroscopy 282 













repetition rate and 5 ns pulse duration at McGill University. This LIBS instrument has a Czerny 284 
Turner spectrometer with a 1200 diffraction grating. Flat, but unprocessed surfaces of nine 285 
samples of consolidated material (2-3mm) were analyzed. To mimic the broadband capability of 286 
the ChemCam instrument, measurements were taken at three wavelength ranges: the UV range 287 
between 225 and 350 nm, the violet & blue range betwe n 365 and 480 nm, and the visible range 288 
between 555 and 657 nm at a spectral resolution of 0.1 nm/pixel. The laser output energy was 289 
1.275 mJ/pulse. Analyses were conducted in air witha gate delay of 0.4 μs and a gate width of 290 
3 μs. Bulk analyses were conducted by rastering the surface of the samples. Each raster consists 291 
of 800 shots covering a grid of approximately 0.5 x 0.5 mm. The spectra were normalized to 292 
their total intensities and averaged to correct for fluctuations in laser energy and sample 293 
inhomogeneity The normalized and averaged LIBS spectra were plotted against relative 294 
intensities using the Aurora software and peaks were identified using the NIST LIBS database 295 
(https://physics.nist.gov/PhysRefData/ASD/LIBS/libs-form.html).   296 
 297 
2.8 Raman Spectroscopy 298 
2.8.1 iRaman 532nm 299 
Raman spectra were collected from multiple spots on both whole rock and powdered (<45µm) 300 
samples using a B&WTek i-Raman-532-S instrument in the Raman shift range of 175-4000 cm-1. 301 
This was done with a spectral resolution of ~4 cm-1 at 614 nm with a 532nm excitation energy 302 
provide by a ~50mW solid state diode laser. Raman-sc ttered light was detected by a GlacierTM 303 
T, a high spectral resolution (0.08 nm) thermoelectrically cooled (14°C) CCD detector. The 304 
automatic integration time function (which increases integration time incrementally, until the 305 
response is close to saturation) was used, yielding an optimal SNR. Measurements for each 306 
sample were made by first acquiring a dark current spectrum, followed by measurement of the 307 
sample. Both measurements were made using an identical viewing geometry, integration time, 308 
and number of averaged spectra. Raman-shift calibration was monitored through regular 309 
measurements of a polystyrene standard. The RRUFFTM database was used for peak 310 
identification (Downs et al., 2015). 311 
 312 













Powdered samples were analyzed with a time-resolved standoff Raman spectrometer with 532 314 
nm pulsed excitation (Nd:YAG, 20Hz rep rate, 30mJ/pulse) at the Hawai’i Institute of 315 
Geophysics and Planetology Raman Systems Laboratory (Sharma et al., 2002; 2007). Integration 316 
times range from 1-20 pulses on the ICCD (intensified charge coupled device) detector 317 
(intensified and gated, 1408x1044 pixels, 7x7um pixel, Syntronics) and 1-600 spectra were co-318 
added to improve resolution. Samples were run with an intensifier gain of 95%, gate time of 40ns 319 
and a laser power of 10 mJ per pulse. The experimental parameters for each sample are detailed 320 
in the Supplementary Materials. 321 
 322 
2.8.3 Ultra-Violet (UV) Raman  323 
For UV-Raman the samples were pressed into pellets (13 mm diameter, 3 mm thick) with a 324 
pressure of 10 tons (Presser, Pike Technologies), which were then glued to standard microscope 325 
slides to ensure their stability. The 266 nm Raman spectrometer at York is designed to fulfill the 326 
future requirements of flight instrument concept tested on a breadboard system. The laser 327 
excitation is provided by an ALPHALAS diode-pumped solid state Nd:YAG laser with a 0.6 ns 328 
pulse width and 1:4 µJ of energy per pulse. The 1064 nm fundamental wavelength is frequency 329 
quadrupled to obtain the desired 266 nm radiation with a laser pulsed of 5 kHz. The radiation 330 
from the laser to sample travels through an optical system composed by four mirrors, one UV 331 
coated beam expander and finally focused with an off axis parabolic mirror onto the sample 332 
adding a path of ~2 m. The light scattered from the sample is focused trough a 10 cm telescope 333 
into 8 meters UV-fiber coupled to an Andor Mechelle spectrometer allowing to observe from 334 
240 to 900 nm. A 266 nm edge filter is installed at the fiber entrance to avoid the camera 335 
saturation and cut the main laser wavelength.  336 
 337 
The Raman signal is detected by an intensified CCD (Andor iStar) coupled to the spectrometer 338 
and cooled to -20º . To compensate the delay on the syst m, an external photodiode is installed 339 
at the first mirror triggering the spectrometer-camera system with the laser. The light entering the 340 
detector is directed onto an 18 mm photocathode, generating photoelectrons which are amplified 341 
in an intensifier tube. A phosphor converts the intensified electron cloud into visible photons 342 
detectable by the 1024x1024 pixel CCD with 13 µm pixels approximately. The ICCD provides 343 













of both ambient light and reduction of fluorescence, which typically has a longer lifetime than 345 
Raman scattering.  346 
 347 
A NIST (National Institute of Standards and Technology) calibrated deuterium lamp is used for 348 
spectral intensity calibration of the spectrometer allowing to remove the effect of the edge filter 349 
and saw tooth effect of the echelle spectrometer system. The wavelength calibration is done by 350 
HgAr fiber coupled lamp from 240 nm to 890 nm following the standard procedure of the 351 
manufacturer. The samples BC4S_Xi ( i from 1 to 11) were measured at a distance of 20 cm 352 
from the telescope following the LiRs Bread-board conditions. The samples were installed in a 353 
mobile stage system to carry a total of 8 point in a line separated 1 mm per samples. Variation on 354 
the acquisition in exposition time and accumulations from 1 minute to 1 hour have been done 355 
depending on the sample and SNR achieving the best signal possible. The standard measurement 356 
for almost all the samples was around from 15 to 20 min, however in some case the measurement 357 
were done up to 1 hour.  358 
 359 
The spectra was manually REC corrected, and post background processed with a polynomial 360 
fitting and a smoothing process of 5% FFT filtering. The saw tooth effect was minimized by one 361 
spline correction on the baseline using 50 to 60 points. The Raman peak positions were 362 
determined by Gaussian profiling using spectral commercial software packages and peak 363 
identification was done by consultingthe RRUFF datab se spectra collection as well as the 364 
relevant literature; Fe-oxides (Jubb and Allen, 2010; Rull et al., 2007), Ti-oxides (Lukačević et 365 
al., 2012; Sekiya et al., 2001), Si-oxides (Karwowski et al., 2013; Zotov et al., 1999), carbonates 366 
(Buzgar and Apopei, 2009; Koura et al., 1996), sulfates  (Buzgar et al., 2009; Chio et al., 2005), 367 
silicates (Freeman et al., 2008), zeolites (Chen et al., 2007; Frost et al., 2014) and clays (Frost et 368 
al., 2001; Haley et al., 1982; Martens et al., 2002), organics (Daly. 2015; Huang et al., 2010). 369 
 370 
  371 
3. Results  372 
 373 













 The TOC of the Hanksvilles samples is near the detction limits for the laboratory analysis 375 
(0.008%) and several samples (S5,9) fall below the det ction limits (BDL). TOC values range 376 
from BDL to 0.07% in sample S4 which was from the consolidated sandstone boulder, with the 377 
bulk of the samples in the 0.01 – 0.02% range (Table 3). The average total percent C, N and S 378 
values are 0.240 ± 0.532 %, 0.103 ± 0.288 % and 0.438 ± 0.598 % respectively (Table 3), and 379 
there is no significant correlation (r2 <0.1) between sample total N, C and S.  The highest C, S 380 
and S values are found in samples S2 for total C (0.23%), sample-S2 for total N (0.97%), and 381 
S10 for total S (1.73%). These values are an order of magnitude higher than for the other 382 
samples.  383 
 384 
3.2 Mineralogy 385 
3.2.1 X-Ray Diffraction 386 
The mineralogy of the Hanksville samples is dominated by quartz and a clay phase (nontronite 387 
and/or montmorillonite). Minor/trace phases detected include calcite, gypsum, albite, and 388 
anatase. An example of a typical diffraction pattern is shown in Figure 3.  In general, the data 389 
between the portable Cu-source instrument (Terra) is comparable to the laboratory-based Co-390 
source (Bruker) instrument. However, for samples S2,6,7,8 and 10 the diffraction patterns 391 
collected in the lab have low counts and signal:noise ratio (Figure 3). This appears to be related 392 
to high clay content with can cause preferred orientation effects due to the platy nature of clay 393 
mineral. Despite the low counts the major phases and mi or phases in the sample are still 394 















Figure 3. Comparison of field portable (Terra – Cu source) and l boratory (Bruker – Co source) 398 
X-ray diffraction data for sample 7 399 
 400 
3.2.2 Reflectance Spectroscopy 401 
The UV-Vis-NIR (350 – 2500 nm) reflectance spectra of ll samples is dominated by OH and 402 
H2O overtones and combinations (~1400, ~1900 nm), metal-OH overtones (~2100-2300 nm) and  403 
Fe2+ and Fe3+ crystal field transitions (850, 1250 nm and steep drop below 800 nm) (Figure 4). 404 
This reflects the presence of phyllosilicate phases (phengite and montmorillonite) in the samples. 405 
These absorption bands occur in every sample with variable depths, however, there are several 406 
other features which are unique to specific samples and are due to more minor, yet 407 
astrobiologically important mineral phases and biomarkers.  The most prominent of which is the 408 
presence of a characteristic chlorophyll absorption ba d at ~670 nm in samples S3 and S4 (e.g., 409 
Figure 4). These two samples also show weak features below the 670 nm chlorophyll band which 410 
are likely due to carotenoids. All the samples show evidence for more than one type of OH 411 
overtone and combination from structural water in the 1400 nm and 1900 nm regions in the form 412 
of a doublet or triplet. All the sample but S10 have  doublet, and S10 has a triplet which is 413 













as Fe transitions (Figure 4,5) are characteristic of a phyllosilicate phase, likely nontronite and/or 415 
montmorillonite. A carbonate overtone at ~2350 nm is also observed in samples S3, 4, 5, 10,11. 416 
While the absolute reflectance of the finer of the two grain size sample aliquots (<150 um) is 417 
higher than for the 1 mm aliquot, there is no change i  the position or strength of absorption 418 
features (Figure 5). The UV-Vis-NIR portion of the spectrum was stitched to the FTIR date to 419 
cover the range of the CRISM spectrometers (up to 5200 nm). The IR region of the spectra 420 
(~2500-5200 nm) is dominated by water absorption absorptions features at ~ 2700 nm and ~3000 421 
nm. There are also characteristic absorption bands of carbonates at ~3500 and 4000 nm and of 422 
sulphate at 4500 nm. The band depths of the 3780-410  nm carbonate feature has been 423 
quantified and compared to the calcite content of the samples (as calculated from C content) 424 
















Figure 4. Ultraviolet–visible-near infrared (UV–vis-NIR, 350–2500nm) reflectance spectra of 429 
sample S4 is dominated by features characteristic of montmorillonite and has the strongest 430 
chlorophyll absorption feature (~670 nm). A referenc  spectrum of chlorophyll from Rhind et al. 431 
(2014) is overlain. The absorption features are consistent between grain sizes despite the higher 432 






Figure 5. Stitched ultraviolet–visible-near infrared (UV–vis-NIR, 350–2500nm) and Infrared 439 
(IR, 2500-5200 nm) reflectance spectra of sample S3 and S7. The spectrum is dominated by a 440 
large water absorption at ~ 2500 nm. The samples show variability in the depth of the absorption 441 
features from CO3 (~2300, 3500, 3900 nm), OH overtones (~1300 nm), H2O-OH combinations 442 
(~1900 nm), metal-OH overtones (~2200 nm) and Fe2+ and Fe 3+ transitions (~850, 1250, < 800 443 
nm). Both spectra are dominated by features characteristic of montmorillonite, and sample S3 444 















Figure 6. Plot of “calcite equivalent” % vs. band depth of the 3780-4000 nm CO3 feature for 448 
samples with >0% band depths indicates that calcite becomes detectable above ~0.5-1.0 weight 449 
% as the samples with 0% band depth have “calcite equivalent” of up to 0.4 weight %.  450 
 451 
3.3 Geochemistry 452 
3.3.1 X-Ray Fluorescence  453 
The XRF bulk rock geochemistry of the 10 samples is summarized in Table 3. The most 454 
abundant major oxide is SiO2 with an average of 73.30 ± 10.70 wt% and values as high as 94.89 455 
wt% (S4). The samples also contain 11.07 ± 0.18 wt%Al2O3. The remainder of the major oxides 456 
are present at a few weight percent level at most. The SiO2 content of the samples correlates 457 
negatively with TiO2, Al2O3, Fe2O3, MgO, SO3 with r
2 > 0.75. When plotted on an ACN-K 458 
ternary diagram for weathering of clastic rocks (Nesbitt and Young, 1984), the samples cluster 459 
towards the weathering trend of a felsic to intermediate igneous protolith to smectite (Figure 7). 460 
This is also reflected in abundance of the Al-rich smectite (montmorillonite) detected in the 461 





































Table 3. Bulk rock geochemistry results for major and trace elements including % C, N, and S, 475 
and XRD mineralogy results (Qtz – Quartz, Mnt – Montmorillonite, Non – Nontronite, Cal – 476 
Calcite, Gyp – Gypsum, Alb – Albite) 477 
ID S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
SiO2 73.66 65.9 93.26 94.89 91.59 69.51 72.45 77.52 83.94 68.67 
TiO2 0.45 0.5 0.08 0.07 0.14 0.51 0.4 0.38 0.29 0.57 
Al2O3 14.14 19.06 3.66 2.42 4.35 17.67 14.98 12.87 8.1 15.06 
Fe2O3T
1 3.82 2.58 0.37 0.27 0.42 2.93 3.61 2 1.87 3.62 
MnO 0.032 0.04 0.03 0.02 0.04 0.04 0.04 0.03 0.04 0.03 
MgO 2.71 4.46 0.4 0.29 0.67 3.58 3.01 2.42 1.26 2.62 
CaO 0.93 0.34 0.25 0.48 0.61 0.67 1.49 1.07 0.54 4.02 
Na2O 2.23 5.4 0.63 0.4 0.81 2.7 2.16 2.41 1.36 1.55 
K2O 1.792 1.32 1 0.82 1.13 1.91 2.48 0.96 2.08 3.44 
P2O5 0.058 0.17 0.05 0.19 0.1 0.12 0.12 0.07 0.1 0.2 
SO3 0.17 0.13 0.06 0.01 0.1 0.07 0.07 0.11 0.09 0.22 
Total2 99.992 99.9 99.88 99.95 99.96 99.71 99.81 99.85 99.67 100 
LOI3 8.75 15.61 1.85 1.37 2.24 6.55 6.66 11.8 2.07 7.78 
FeO4 0.18 0.18 0.06 0.05 0.13 0.14 0.15 0.1 0.12 0.18 
Fe2O3
4 3.62 2.39 0.3 0.21 0.28 2.77 3.44 1.89 1.74 3.42 
Rb* 80 46 23 16 32 62 57 30 77 168 
Sr* 238 90 164 161 284 122 782 355 387 325 
Zr* 262 418 137 164 175 405 262 288 250 252 
V* 60 57 26 21 39 54 52 71 44 86 
Cr* 50 50 37 45 43 63 42 42 55 107 
Co* <1 38 <1 <1 <1 <1 <1 <1 <1 <1 
%C 0.06 0.08 0.08 0.23 0.13 0.06 0.06 0.06 0.02 0.03 
%TOC 0.01 0.02 0.02 0.07 bdl 0.01 0.02 0.01 bdl 0.01 
%N 0.02 0.97 0.01 0.03 0.01 0.02 0.02 0.01 0.01 0.044 























Gyp Alb  
1All Fe reported as Fe2O3 478 
2Total reported on an LOI basis 479 
3LOI: loss on ignition (% weight loss in air at 950°C for 1 hour) 480 
4Ferrous and ferric iron determined by wet chemistry  481 

















Figure 7. A-CN-K diagram showing the weathering trend and comp sition of the 10 samples 487 
(Nesbitt and Young, 1984).  488 
 489 
3.3.2 Laser-Induced Breakdown Spectroscopy (LIBS) 490 
The LIBS dataset provides information on the presence and relative abundance of major and 491 
trace elements across three wavelength ranges (UV, violet, visble). The elements identified in the 492 
UV range are Fe, Si, Mg, Al, Ca and Ti; in the blue and in the violet range are Si, Mg, Al, Ca, 493 
and Zr; and in the visible range are Si, Mg, Ca, and Na (Figure 8). There is variability between 494 
samples in terms of the peak height for different elements indicating changes in the abundance. 495 
The most striking are the Ca peaks in the UV spectrum (Figure 8A). However, this is not the case 496 
in all three wavelength ranges and does not necessarily correspond to high Ca concentrations as 497 
quantification and relative concentrations requires nstrument calibration using standards (Figure 498 















Figure 8. LIBS Spectra for 9 of the 10 samples. A. Spectra in the UV wavelength (225-350 nm) 502 
B. Spectra in the blue and violet wavelength range (365-480 nm) C. Spectra in the visible 503 














3.4. Raman Spectroscopy 506 
3.4.1 532 nm Raman 507 
Raman spectra were collected from both powdered and whole rock samples and are 508 
characterized by a large fluorescence feature indicative of iron centered at either ~1800 or 509 
~2000-2200 cm-1. Representative spectra are presented in Figure 9. P aks of single data point 510 
width are the result of “hot pixels” in the detector and as artifacts of the analysis are not be 511 
discussed further.  512 
 513 
Multiple (2-6) spectra were collected for each sample (both surface and powdered), and the 514 
Raman bands observed in each sample vary in position and strength. In some cases, such as S1 515 
there are no discernable Raman bands, likely due to the high fluorescence signal which is a 516 
limitation with using a 532 nm source. Samples S3 and S4 are unique in that their spectra also 517 
have a prominent fluorescence feature at ~3400 cm-1 which is characteristic of chlorophyll. 518 
Spectra from all samples except S1 have a 467 cm-1 Raman band associated with quartz. Calcite 519 
(1083 cm-1) and gypsum (1007 cm-1) bands are observed in multiple samples as weak bands 520 
(Table 4). There are also several bands located in the 1000-1600 cm-1 range which are 521 
characteristic of organic carbon, the strongest of which is seen in sample S2 at 1069 cm-1. The 522 
organic carbon peaks in samples S3 and S4 at 1156 cm-1 and 1511 cm-1 are likely the result of β-523 
carotene (Edwards et al., 2005; Rhind et al., 2014). Table 4 summarizes the Raman bands 524 




Table 4. Summary of the Raman bands (cm-1) observed in each sample and the minerals 529 
assigned to them.  530 
ID Surface Powder 
BC4-S1 - - 
BC4-S2 - 
Quartz (467), Calcite (1083), 
Organic Carbon (1069) 
BC4-S3 
Quartz (467), Gypsum (1007),β-
Carotene (1156, 1511) Chlorophyll 
(~3400) 
Quartz (467), Gypsum (1007),      















Quartz (467), Gypsum (1007), 
Organic Carbon (1156, 1511), 
Chlorophyll (~3400) 
Quartz (467), Organic Carbon and 
β-Carotene (1069, 1156, 1390 
1511) Chlorophyll (~3400) 
BC4-S5 Quartz (467), (653?) Quartz (467) 
BC4-S6 Quartz (467) Quartz (467) 
BC4-S7 - Quartz (467) 
BC4-S8 - Quartz (467) 
BC4-S9 Quartz (467) 
Quartz (467), Anatase? 
(397,518,640) 
BC4-S10 - Gypsum (1007) 

















Figure 9. Raman (532 nm excitation) spectra of samples S3, and 7 are dominated by a 535 
fluorescence hump, a likely result of iron. Data from Rhind et al. (2014) is plotted to show the 536 
characteristic Raman features associated with beta-Carotene, chlorophyll and gypsum. 537 
 538 
 539 













The Raman spectra of the 10 samples is dominated by strong short-lived luminescence (<40 ns) 541 
indicating the presence of organic carbon, with samples S2 and S4 exhibiting the strongest 542 
luminescence (Figure 10). Weak Raman lines of α-quartz (464 cm-1) are superimposed on the 543 
luminescence background in samples S3 and S5 samples. Atmospheric O2 (1554 cm
-1) and N2 544 




Figure 10. Time resolved Raman spectra of the 10 samples are dominated by short lived 549 
luminescence and atmospheric O2 and N2.  550 
 551 
 552 
3.4.3 UV Raman 553 
 554 
The features observed in the UV Raman spectra are summarized in Table 5. The signal to noise 555 
ratio for several of the samples (S1, S2, S9) was poor to allow for peak identification. The 556 
spectra of all the samples are dominated by peaks chara teristic of organic compounds (Table 5, 557 













mineral phases detected include quartz, and features associated with sulphates, phosphate and 559 
oxide minerals (Figure 11). The complete dataset is included in the Supplementary Materials.  560 
 561 
Table 5. Summary of the Raman bands (cm-1) observed in each sample and the compounds and 562 
minerals assigned to them.  563 
Sample ID Raman Signal (cm-1) 
BC4-S1 Poor SNR 
BC4-S2 Poor SNR 
BC4-S3 Organic Carbon, Quartz (460-465), Sulfates, Phosphate (987) 
BC4-S4 Organic Carbon 
BC4-S5 Organic Carbon, Sulfate 
BC4-S6 Organic Carbon, Sulfate 
BC4-S7 Organic Carbon, Oxide? (668) 
BC4-S8 Organic Carbon, Sulfate, Oxides (Cr or Fe) (560, 620- 68) 
BC4-S9 Poor SNR 
BC4-S10 Organic Carbon 
  
*Organic peaks at ~1500, 2350, 2600-2700, C-C vibration (1315, 1550), C=O stretching of 564 
complex esters (~1730), NH-CH or NH3- (~2320-30) 565 


















Figure 11. UV-Raman spectra of samples -S3 and S7. There are multiple bands indicative of 572 
organic carbon at 1550 cm-1 (C-C), ~1730 cm-1 (C=O), ~2320-30 (NH-CH or NH3), and 2600-573 
2700 cm-1.  574 
 575 
 576 
4.0 Discussion 577 
 578 
4.1 Mineralogical Context  579 
Mars has a diverse surface mineralogy, with well over 100 mineral species detected to date (e.g., 580 
Ehlmann and Edwards, 2014). The detection of hydrate , evaporite, and hydrothermal minerals 581 
as well as trace metal enrichments has important implications for astrobiology in terms of 582 
habitability, biosignature preservation, and as potential biosignatures (Anderson et al., 2017; 583 
Brolly et al., 2017; Camara et al., 2016; Domagal- Goldman et al., 2017; Desquire et al., 2017; 584 
Gasda et al., 2017; Kosek et al., Rull et al., 2017). This includes minerals such as gypsum and 585 
calcite as well as their constituents and other elem nts common in evaporite deposits including 586 













micro and macro nutrients”; including S, N, P, Cu, Zn Ni, Mn (McKay, 2014). While the 588 
samples are dominated by quartz, which is not a major component of the Martian crust (Ehlmann 589 
and Edwards, 2014), the geomorphology and history of water in the region has resulted in the 590 
presence of several astrobiologically relevant minerals which were detected using multiple 591 
techniques, including calcite, gypsum, and montmorillonite.  592 
  593 
 In terms of number and diversity of mineral phases d tected with a single instrument, X-ray 594 
diffraction (MSL CheMin) is shown to be the most effective single method and provides the 595 
opportunity for quantitative mineralogy. However, the same results can be inferred by the 596 
combined use of the reflectance and Raman spectral dat sets which in several cases identified 597 
minerals which were not identified in the XRD data such as trace carbonates down to <1 wt% 598 
(Figure 6). While quantification is more complex with these datasets, the characterization of 599 
mineral species and chemistry is possible from spectral data. The XRD patterns of the Hanksville 600 
samples are dominated by quartz and a clay phase (nontro ite and/or montmorillonite), which is 601 
difficult to identify in XRD, but is readily detected in the VNIR-SWIR datasets, and in most 602 
cases is likely montmorillonite. In addition to characterizing the phyllosilicate phases in the 603 
samples, reflectance spectroscopy can also provide information on sample chemistry based on 604 
the relative position of the metal-OH, Al-OH and iron absorption features. Clay minerals are 605 
critically important for organic preservation in alluvial environments (Hays et al., 2017). Raman 606 
spectroscopy detected quartz and in some cases also ulfates and calcite but did not provide 607 
meaningful information on the clay content of the samples  608 
 609 
Reflectance spectroscopy also effectively identified carbonate and sulfate phases, both of which 610 
are important for paleoconditions/habitability (evaporite deposits) and whose formation can be 611 
biologically mediated, producing spectral differencs (e.g., Ronholm et al, 2013, 2014; Berg et 612 
al., 2014; Korbalev et al., 2017). Evaporitic phases uch as gypsum and calcite are also of 613 
astrobiological relevance in the context of habitability and preservation of organic biomarkers 614 
(e.g, Baque et al., 2016; Stromberg et al., 2014). Carbonate was detected in the UV-Vis-NIR and 615 
FTIR spectra of samples S1,3,4,5,9,10, and gypsum was detected in the UV-Vis-NIR spectra of 616 













both reflectance spectra and Raman spectra than in the XRD data when the occur in minor or 618 
trace amounts in the samples (<1%).  619 
 620 
In terms of detection of major and minor to trace elements (e.g., Zr, Ti) the Hanksville samples 621 
show that LIBS and XRF are roughly comparable, however, this is a qualitative measure. An 622 
important feature of LIBS is that is very effective at detecting light elements such as C, Li, S, 623 
Mg, Na and Ca (e.g., Harmon, Russo and Hark, 2013; Hark and Harmon, 2014) as well as 624 
heavier elements such as Sr and Rb in geologic materials, although this is not reflected in our 625 
dataset due to the experimental setup. This is important as XRF has limited capability with the 626 
light elements and cannot detect C. It should also be noted that lab base XRF is not necessarily 627 
the best proxy for the PIXL instrument as it is a bulk measurement whereas PIXL, like LIBS, is a 628 
point measurement on an in situ sample. However, it p ovides a useful baseline for which 629 
elements may be detectable by the PIXL instrument, which will also have the benefit of spatially 630 
resolved geochemical data. The UV-Vis-NIR datasets provide evidence for Fe3+/Fe2+ redox 631 
couples what are important in an astrobiological context. However, iron that is observed in the 632 
surface sensitive spectral data (Raman fluorescence f ature, UV-Vis-NIR crystal field 633 
transitions) does not necessarily reflect the total iron content or mineralogy of the samples 634 
identified by and XRF or XRD. It is in many cases the result of surface weathering, which is 635 
easily observed in the color of the samples. This is mportant when working with iron stained 636 
samples and something that may be used to when consideri g sample selection and which 637 
techniques to use for sample characterization. In the case of the Hanksville samples, it was clear 638 
from the sample surface if this would be an issue. For example, sample S7 which is reddish has 639 
enhanced Fe features in the UV-VIS region of the spectrum (Figure 5) and high fluorescence in 640 
the Raman data (Figure 9). This highlights the importance of selecting the correct technique for 641 
characterization, and can be mitigated with the application of LIBS analysis which is capable of 642 
penetrating this iron stained layer for geochemical depth profiling.  643 
 644 
4.3 Organic Biosignature Detection 645 
One of the primary objectives of the MSRAD sampling strategy was the collection of samples 646 
with high organic carbon content, and the overall low TOC of the rover track samples is low 647 













capability of techniques employed by flight instrumentation such as Raman spectroscopy, and 649 
reflectance spectroscopy for detecting organic molecules. This is increasingly important as 650 
upcoming missions are focused on the search for past and present like (e.g., Mars2020, EcoMars) 651 
where the primary objective is the direct detection of biosignatures, with organic molecules 652 
being an important target (Grotzinger, 2014; Domagal-Goldman and Wright, 2016; Rull et al., 653 
2017). This objective has driven the development of a number of new flight instruments with 654 
analytical capabilities for the detection of organic molecules by LIBS and Raman (e.g, 655 
SuperCam, SHERLOC, RSL) (Jessberger et al., 2003; Skulinova et al., 2014; Eshelman et al, 656 
2015; Dequiare et al., 2016; Laing et al., 2016.; Rull et al., 2017). While our LIBS experimental 657 
setup was not optimized for C detection, the detection limits for C in samples with <0.5% 658 
organic carbon have not been well established (Dequir  et al., 2017), so it is unlikely that LIBS 659 
data could have provided definitive C detection in most or any of the rover track samples.  660 
 661 
Organic carbon was detected in multiple samples by both Raman and reflectance spectroscopy 662 
(proxies for Mars2020 SuperCam, Exomars RLS and Mastcam instrumentation) and the results 663 
are summarized in Table 6. The most prominent and co clusive organic biosignature observed is 664 
the presence of chlorophyll and carotene detected in the UV-VIS-NIR and Raman spectra in 665 
samples S3 and S4 (Figure 4,5,9). The detection and characterization of organic compounds in 666 
the UV-VIS-NIR and IR range of the spectra has been widely applied in the context of 667 
astrobiology (e.g., Preston et al., 2011; Izawa et l., 2014; Preston et al., 2015). However, apart 668 
from the carotene and chlorophyll absorption features below ~800 nm, there are no other 669 
indications of organic compounds observed in the refl ctance spectra of any of the samples.  670 
While this most likely evidence of present endolithic life, the detection of such molecules may 671 
have implications for Mars as they have been shown t  be somewhat stable under Martian 672 
surface conditions (e.g., Baque et al., 2016; Stromberg et al., 2014). However, this stability and 673 
preservation potential is dependent on their endolithic habitat, and so detection requires a fresh 674 
surface exposed by abrasion (e.g., RAT (rock abrasion tool)) or sample crushing (Baque et al., 675 
2016; Stromberg et al., 2014). Sample S4 is a piece of sandstone and S3 is unconsolidated white 676 
clay material, and while the chlorophyll and carotene were detected in both surface and crushed 677 
samples, it is likely that the surface sampled was a fresh surface which was exposed during 678 














The Raman measurements (532 nm, TR, UV) collected on the Hanksville samples all detected 681 
organic carbon with variable success in multiple samples. While the Hanksville samples all have 682 
TOC values of <0.07% with most below 0.03%, Raman spectroscopy has emerged as a powerful 683 
technique for the characterization and detection of low concentration organic compounds 684 
(Mars2020 SuperCam and SHERLOC, ExoMars RLS) (e.g., Skulinove et al, 2014; Cloutis et al., 685 
2016, Eshelman and Edwards, 2014; Eshelman et al., 2015; Laing et al., 2016; Abbey et al., 686 
2017). The detection of ~0.04 wt % condensed carbon has been reported in simulate Martian 687 
regolith samples by UV-Raman (Abbey et al., 2017), and Raman spectroscopy is capable of 688 
distinguishing between PAH compounds (Cloutis et al., 2016). The 532 nm Raman spectrum are 689 
dominated by fluorescence feature (likely iron) and like the reflectance data were most 690 
successful at detecting chlorophyll and carotenes i samples S3 and S4. However, this dataset 691 
only detected carbon compounds in one other sample (S2), the highest ranked sample taken by 692 
the rover based on potential for organic content carbon. This sample was ranked highly due to its 693 
greenish color and fine-grained nature which was hypothesized to be the result of high clay 694 
content and potential iron redox gradients (Caudill et al., 2019a). High clay content is reflected in 695 
the XRD and the reflectance spectral results, and the sample also had the highest Al2O3 and 696 
nitrogen contents, and elevated S values.  697 
 698 
Sample S2 has the highest organic luminescence in the time resolved Raman spectra, followed 699 
by the chlorophyll and carotene containing samples (S3 and S4). Short lived fluorescence in 700 
itself has been proposed as a possible biosignature (Eshelman et al., 2015). All of the samples 701 
except S1 exhibit some degree of short-lived luminescence (Figure 10), the magnitude of which 702 
roughly reflects the reported TOC values (Table 3). This is significant given that the TOC of 703 
several samples was <0.01% but they still show minor sh rt-lived luminescence. UV-Raman 704 
also detected organic carbon in all samples where the SNR allowed for peak identification. All 705 
the samples suffer from low SNR which makes compound specific identification difficult. 706 
Despite this, the results highlight the exceptionally low detection limits of UV-Raman for 707 
organic compounds and begins to explore the breadth of information that can be extracted from 708 
UV-Raman datasets. This approximates the data from the Mars2020 SHERLOC instrument 709 













structural information to distinguish between a biological signal and extraterrestrial organic input 711 
(Hays et al., 2017). 712 
 713 
4.3 Paleohydrological Context  714 
The ten samples in this study showed substantial variance in their overall low carbon content 715 
(<0.07% TOC). Work on terrestrial contemporary fluvial systems has shown that locations or 716 
periods where fluvial channels intersect geologic boundaries or are introduced to larger stream 717 
networks (representing the potential of a particular nutrient or resource delivery to an area in 718 
which is it biologically limiting) are typically more biogeochemically active, driven by 719 
hydrology (McClain et al., 2003; Krause et al., 2017). Thus the variance in organic or carbon 720 
content, or other biosignature detection (such as chlorophyll detection through spectroscopy) 721 
may be attributable to either variations in flow through time or space at the site (Williams et al., 722 
2009). All of these samples with the exception of S4 were in situ unconsolidated surficial 723 
material some of which can be directly correlated to rover traverse samples. Future knowledge of 724 
Martian geologies and paleoflows may be linked to kn wn limiting resources or nutrients for 725 
biological production which may have resulted in biosignature production and preservation. 726 
Future terrestrial field campaigns may continue to test this hypothesis by sampling for detectable 727 
biosignatures along transects of geologic units which were linked through apparent 728 
paleohydrologic networks to determine the applicability of this approach for designing sampling 729 
campaigns for future Martian missions.  730 
 731 
 732 
Table 6. Summary of the biosignatures and astrobiologically relevant minerals and elements 733 
detected and etectable by each technique. 734 
Technique Organic Material Organic Biosignatures Minerals or Elements 
LIBS - - 
Na, Ca, (Mn, H, B, C, 
K, Sr, Rb) 
Raman S2, S3, S4 S3, S4 Gypsum, Calcite 
Time Resolved 
Raman All samples - - 
UV-Vis-NIR 
Spectroscopy S3, S4 S3, S4 
Gypsum, Carbonates, 
Clays 














XRF - - K, Na, P, S, Sr, Mn 
UV Raman* S3,4,5,6,7,8,10 - Sulfates, OH- 




(TOC) - C, N, S, TOC 




6. Conclusions 738 
 739 
The search for extant life on Mars hinges in the ability to detect biosignatures using rover 740 
mounted instruments. But equally important is identifying regions where organic biosignatures 741 
may have formed and been preserved using regional scale paleohydrological models as well as 742 
mineralogical and geochemical datasets. While the organic carbon content of the Hanskville 10 743 
samples was overall low in a terrestrial context, complex organic carbon molecules were 744 
detected using multiple rover equivalent instruments and these values are not low in the context 745 
of Mars (Ming et al., 2014; Freissinet et al., 2015). The mineralogy of the Hanksville samples is 746 
dominated by quartz, but astrobiologically relevant hydrated and evaporite minerals were 747 
detected by multiple techniques which can be used to guide site selection for further analysis. 748 
The geochemistry of the samples also points towards the presence of undetected trace mineral 749 
phases detectable by LIBS and XRF (e.g, Ti and Zr) which may be relevant for redox and 750 
paleoenvironmental context.  751 
 752 
In addressing the CanMars MSRAD goal of selecting samples with organic carbon and 753 
biosignatures, organic carbon was detected in the top 2 ranked samples (S2- Neils, and S7- 754 
Astrid) using Raman (UV, 532 nm and time resolved) and reflectance spectroscopy (UV-Vis-755 
NIR). Sample S2 proved to be the most promising taret for further analysis (e.g., GC-MS) and 756 
potential sample return given the elevated N and S values and high clay contents. However, to 757 
reach any such conclusions on sample relevance requires the evaluation of at least one of the 758 
Raman datasets (UV-in this case) as well as spectral dat . Relying only on TOC presence or 759 













has the least astrobiological significance in terms of mineralogy and geochemistry (S4) as it a 761 
sandstone boulder dominated by quartz (94.89% SiO2). This highlights the importance of using 762 
multiple techniques to characterize sample context. Organic biomarkers (chlorophyll and 763 
carotene) were detected in samples S3 and S4 by reflectance and Raman (532 nm) spectroscopy. 764 
The organic carbon content of the samples is below the detection limits of FTIR spectroscopy 765 
and LIBS but can be readily detected with Raman spectroscopy. The UV-Raman (Mars2020 766 
SHERLOC) data provided the greatest insights into the potential structure of the organic carbon.  767 
 768 
The importance of using multiple datasets for characterizing sample mineralogy and providing 769 
context for any detected organic compounds is highlighted in these results. UV and time-770 
resolved Raman are shown to be the most effective instrument for detection of organic 771 
molecules, however, both provided little mineralogical context, and compound identification was 772 
not possible. By comparing mineralogical, spectral, and geochemical datasets it is clear that the 773 
sample with the highest TOC values and strongest organic carbon signature may not be the most 774 
relevant. While XRD provided the greatest breadth of mineral detection (major and trace), the 775 
same mineralogy can be determined from the Raman and reflectance spectral results with 776 
elemental data (LIBS, XRF) guiding trace mineral inferences. Reflectance spectroscopy provides 777 
the greatest compound specific information (chorophyll) in this sample suite, but in the context 778 
of Mars, its strengths lie in mineralogical detection and characterization which is reflected in the 779 
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